Both transmissive and reflective BPLC devices have been demonstrated. In transmissive mode, 10, 11 Bragg reflection is shifted to ultraviolet region by employing a high concentration chiral dopant so that it is optically isotropic in the visible spectral region. To realize amplitude modulation, the BPLC is sandwiched between two crossed polarizers. On the other hand, for reflective mode, the pitch length is adjusted to reflect colors in the visible region and no polarizer is needed. As a result, flexible display can also be realized.
Electrically tunable colors using BPLCs have been demonstrated based on the deformation of blue phase lattice. [12] [13] [14] However for polymer-stabilized blue phases, the cubic structures are stabilized by polymer network so that the lattice deformation can only take place in the high field region. 15 In the weak field region, the applied electric field mainly reorients the LC molecules. Recently, a vivid full-color reflective display using surface alignment-induced monodomain PS-BPLC has been demonstrated. 16 It exhibits relatively narrow reflection band, submillisecond response time, and voltage dependent analogous grayscales, while no polarizers and color filters are needed. However, the voltage is partially shielded by the surface alignment layer because of the large dielectric constant of the employed BPLC. 17 Besides reflective displays, monodomain blue phase has been used in photonics application, such as lasing, [18] [19] [20] where large area and uniform monodomain blue phase is critical.
In this letter, we demonstrate a large area vertical fieldinduced monodomain BPLC without any alignment layer. To distinguish from conventional multidomain structures, here, we refer to monodomain as having a poly-crystalline structure but with the same lattice orientation. The electric field is used to rotate the blue phase lattice and induce uniform texture. 21, 22 Blue phases appear between chiral-nematic phase and isotropic phase in a highly twisted chiral-nematic liquid crystal. 23 They exhibit self-assembled cubic structures and the local refractive index variation results in selective Bragg reflections. The reflection wavelength can be expressed as
where n and a denote average refractive index and lattice constant of blue phases, and h, k, and l are the Miller indices of a crystal plane. When blue phase grows from isotropic phase without any electric field, multiple diffraction peaks can be observed from (110), (200), and (211) directions (with these lattice surfaces parallel to the substrate) of BP-I. 24 To generate narrow band reflection color, we applied a uniform electric field (E) perpendicular to the substrates to change the lattice orientation. The torque C exerted on the blue phase lattice of volume X can be described by
where A is a proportional coefficient dependent on the material and n i is the unit vector. When one of the following conditions is met, the torque will vanish: (1) jE 1 j ¼ jE 2 j ¼ jE 3 j, i.e., E is normal to the (111) surface; (2) E i ¼ E j ¼ 0 and jE k j6 ¼0; i¼ 1, 2, 3; i6 ¼ j 6 ¼ k, i.e., E is normal to the (100) surface; and (3) E i ¼ 0 and jE j j ¼ jE k j; i ¼ 1, 2, 3; i 6 ¼ j 6 ¼ k, i.e., E is normal to the (110) surface. Thus, when the multidomain BP lattice is subject to an electric field, the nonzero torque will rotate the lattice to the nearest stable position where C ¼ 0. To prove the concept, we prepared vertical field switching (VFS) cells, comprised of two ITO glass substrates but without polyimide alignment layer. The cell gap was controlled at 5 lm. The blue phase textures with and without electric effect are compared.
In the experiment, we used HTG-135200 (HCCH, China) as the nematic LC host. Its physical properties are 
C, and clearing temperature T c ¼ 98 C. To tune the reflection band from red to green and blue, we prepared BPLC mixtures with different concentrations of chiral dopant R5011 (HCCH). The chiral concentration is 3.46 wt. %, 3.94 wt. %, and 4.47 wt. % for the red, green, and blue cells, respectively. Afterwards, 10 wt. % of photocurable monomers [6 wt. % RM257 (Merck) þ 4 wt. % TMPTA (1,1,1-Trimethylolpropane Triacrylate, Sigma Aldrich)] and 0.1 wt. % of photoinitiator were blended with 89.9 wt. % of the BPLC mixture to form the precursor. Next, we injected the LC/monomers mixture into a VFS cell and the cell was placed on a Linkam heating stage and cooled to blue phase. Different domains with different reflective colors appear, as shown in Figs. 1(a), 1(c), and 1(e). When the cell is subject to an AC electric field (1 kHz) of $2 V/lm for about 1 s before UV curing, the toque created by the electric field helps to reorient the blue phase lattice. In our case, the (110) surface tends to align perpendicular to the electric field and the reflective color becomes uniform. Empirically, a smaller dielectric anisotropy and shorter pitch blue phase at a temperature closer to the chiral nematic phase requires a stronger electric field. As shown in Figs. 1(b), 1(d), and 1(f), monodomain blue phase is formed after the electric field pulse. Once the voltage is removed, the uniform BP texture remains unless it is heated up to an isotropic phase. These cells were then exposed to UV light (k ¼ 365 nm) with intensity of 6 mW/cm 2 for 10 min. After UV irradiation, polymer-stabilized BPLC nano-composites were selfassembled and the blue phase textures were stabilized.
To quantitatively compare the differences between multi-domain and monodomain blue phase cells, we measured their reflection spectra. A DH-2000 unpolarized light source (Mikropack) was coupled into a multi-mode fiber and incident on the PSBP cell normally. The reflected light was coupled back to the fiber and recorded by a high resolution spectrometer (HR2000 CG-UV-NIR, Ocean Optics). The reflection spectrum was normalized to that of a mirror. To avoid reflection from the glass and air surface, we attached an anti-reflection (AR) film to the front surface and a black tape to the back surface. Figure 1 (g) depicts the measured reflection spectra of the green PSBP cell. Without electric field effect, the blue phase ( Fig. 1(e) ) shows a relatively low reflectance (black line). By contrast, the electric fieldinduced monodomain blue phase (Fig. 1(f) ) exhibits a fairly high reflectance and narrow bandwidth (blue line). The peak reflectance (R p ) of the green cell is 35% at k ¼ 527 nm. The full width at half maximum (FWHM) of the reflection band is about 25 nm, so the appearance color is quite saturated and vivid. From here on, we will focus on the measured properties of electric field-induced monodomain blue phase.
The reflection spectra of red and blue cells were also measured [ Figs. 2(a) and 2(c) gradually unwound, which leads to a decreased reflectance. Figure 2 depicts the reflection spectra at different operating voltages for the red, green, and blue cells. Analogous grayscale can be controlled by the applied voltage. A tiny blue shift (<5 nm) on the peak reflection wavelength is observed, indicating the lattice deformation of the PS-BPLC is very minor. The refection drops to baseline as the voltage keeps increasing. This is because the LC molecules have been reoriented by the electric field. The reflectance (R 0 ) at a high voltage gives the dark state. The contrast ratio (CR) is defined as R p /R 0 . To improve CR, we should minimize R 0 , which is governed by the reflections of the ITO/PSBP and ITO/glass interfaces. A more noticeable R 0 is found for the blue BPLC cell because of the increased index mismatch between the ITO/ PSBP and ITO/glass. The calculated CR is 9.4:1 at 65 V, 14.9:1 at 64 V, and 16.6:1 at 55 V for the blue, green, and red cells, respectively. The CR can also be improved with the index-matched electrode. To reduce operation voltage, a BPLC with a larger Kerr constant can be considered. [25] [26] [27] The properties of reflected light from the PSBP cells are also studied. The inset plots in the Fig. 3 show the reflected beam pattern from a red cell (right) and a green cell (left), for example. A He-Ne laser beam was used as a probing beam for the red cell and an Argon laser beam (k ¼ 514 nm) for the green cell, respectively. The incident angle was kept small (<5 ). The intensity distribution of the reflection pattern is quite symmetric, and the FWHM angle is about 8 for the red cell, based on the angular intensity distribution plotted in Fig. 3 . This phenomenon happens to the blue and green cells as well, but with a smaller spreading angle. For the green cell, the reflective beam size is more collimated compared to the red cell, as shown in Fig. 3 . The FWHM angle is estimated to be 2. 4 . Unlike the surface alignmentinduced monodomain blue phase which exhibits a specular reflection as a mirror does, the electric field-induced monodomain blue phase is slightly diffusive. Before UV stabilization, the short electric field pulse helps to rotate the BP lattice and align (110) surface parallel to the substrate. When the electric field is released, some of the (110) planes tend to relax back to the original state to some extent, but there is insufficient energy for these lattices to relax back because of the high viscosity of BP, 24 resulting in some slightly tilted planes and hence the diffusive reflected beam. In the red cell, the viscosity is smaller due to the lower chiral dopant concentration and higher BP temperature range than that of the green and blue cells. Thus, the BP lattice of the red cell has freedom to rotate more, leading to a larger spreading angle in the reflected beam. This intrinsic diffusive reflection also helps to widen the viewing angle.
To study the viewing angle performance of the cells, we did an outdoor experiment and took pictures of the red, green, and blue cells at different viewing angles, as Fig. 4 shows. When viewing at normal direction (0 ), we can observe vivid colors for all the red, green, and blue cells. The actual color appears more saturated when viewing with eyes, as the CCD camera tends to degrade the color quality. At 20 , we can still see vivid colors but the blue shift is gradually taking place, since blue phase has well organized photonic crystalline structure and has intrinsic angular dependent reflection wavelength. The blue shift becomes more evident as the viewing angle increases to $45 , which is consistent with those results reported previously. 28 The voltage-dependent reflectance (VR) curve and the response time were measured using a He-Ne laser for the red cell as an example. Based on the above mentioned property, the reflected beam is divergent and a portion of the light is not coupled back into the fiber and the spectrometer. Therefore, a lens is inserted between the PSBP cell and the photodiode detector (New Focus Model 2031) to collect most of the reflected light. A 1-kHz square-wave AC signal was applied to the VFS cell, and the corresponding reflectance was recorded by a LABVIEW system. For a linearly polarized (LP) incident light, the reflectance is 34.4% at 0 V and drops to 1.4% at 56 V, shown as the black line in Fig. 5 . The dark state light leakage comes from the reflection of the ITO/ PSBP and ITO/glass interfaces. The CR is about 24.8:1 at k ¼ 633 nm. A k/4 plate was inserted to change the polarization state of the incident light. For the right-handed circularly polarized (RCP) light, the reflectance is 65.4%, which is almost doubled compared to the LP incident light. On the contrary, the reflectance is only 3.2% (red dot in Fig. 5 ) when the incident light is left-handed circularly polarized (LCP). The chiral dopant used in our PSBP system is right handed, so only the RCP will be reflected. For a PSBP system with left-hand chiral dopant, only LCP light will be reflected. This polarization selectivity in the reflection makes this device promising for many photonic and display devices.
Fast response time is one of the most attractive features for BPLC. Both rise time and decay time were measured between 10% and 90% transmittance change. The measured decay time (56 V-0 V) at room temperature is 814 ls and rise time (0 V-56 V) is 64 ls. Such a fast response time enables video-rate operation of the reflective display without image blurring.
There have been some arguments about the polarization state of the reflected light of blue phase liquid crystals. 16, 19, [29] [30] [31] Here, we experimentally investigated the polarization state with a k/4 plate and a linear polarizer inserted before the detector. The reflected light is righthanded for both RCP and LP incident beams. We rotated the linear polarizer in front of the detector in step of 10 and recorded the light intensity. Figure 6 shows the polarization ellipse of the reflected light for both RCP and LP incident lights. The ellipticity e is defined as the ratio of the major axis to the minor axis of the polarization ellipse. e ¼ 0 or 1 represents LP and e ¼ 1 means circular polarization. The measured e of the reflected light is 0.985 and 0.991 for the RCP and LP incident lights, respectively, indicating the reflected light is very close to circularly polarized, regardless of the polarization state of the incident light. Unlike the surface alignment induced monodomain BP, 16 the alignment layers can also affect the LC molecular orientation which would further affect the polarization state and resulting in a lower e of 0.68.
In summary, we have demonstrated an electric fieldinduced monodomain blue phase and its application for reflective displays. The reflection spectra for red, green, and blue cells were studied. The bandwidth is fairly narrow so the color looks saturated and vivid. The reflectance gradually decreases with the increasing operating voltage and analogous grayscales can be achieved. With analog grayscales and submillisecond response time, videos can be displayed using this reflective PSBP. Moreover, the electric-field-induced monodomain blue phase selectively only reflects RCP light when the employed chiral dopant is right-handed, and the reflected light is almost circularly polarized. 
